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Short refueling time and high final state of charge are among the main hydrogen car user's
requirements. To meet these requirements, without exceeding the tank materials safety
limits, hydrogen precooling is needed. Filling experiments with different inlet gas tem-
peratures and mass flow rates have been executed using two different types of on-board
tanks (type 3 and 4). State of charge has a strong dependency on the inlet gas tempera-
ture. This dependency is more visible for type 4 tanks. Lowest precooling temperature
(40 C) is not always required in order to meet user's requirements, so energy savings can
be achieved if the initial conditions of the tank are correctly identified. The results of the
experiments performed have been compared with the SAE J2601 look-up tables for non-
communication fillings. A big safety margin has been observed in these tables. Refueling
could be performed faster and with less demanding precooling requirements if the initial
conditions and the configuration of the hydrogen storage system are well known.
Copyright © 2015, The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy
Publications, LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Manufacturers of the automotive industry (Toyota, Honda,
General Motors …) have established 2015 as the starting year
for the introduction of commercial Fuel Cell Vehicles (FCV) in
the Japanese, European and USA markets. On the same time,
for a successful introduction of these FCVs, a network of
hydrogen refueling stations (HRS) is being deployed. These
HRS have to meet several requirements, among others, not to
reach a temperature higher than 85 C in the gas inside the
tank during the refueling ([1e3]). This temperature limit of
85 C is set for two reasons, first to protect the tank materials.
europa.eu (B. Acosta).
d by Elsevier Ltd on behalf of
licenses/by-nc-nd/4.0/).from thermal degradation, and second to be able to fill the
tank (100% state of charge) without exceeding the maximum
working pressure (125% of the nominal working pressure
[1e3]). In addition, according to DOE FCV targets for 2017,
refueling time should not exceed 200 s with 5 kg of hydrogen
[4], to be competitive with conventional petrol stations and
attractive for the potential customers.
To perform a refueling meeting these requirements rep-
resents a technological challenge, since the higher the mass
flow the higher the increase of the gas temperature in the tank
[5]. This can be easily seen by assuming a simple adiabatic
process and adopting the corresponding compression equa-
tion [6]. Since in reality the tank refilling process is notHydrogen Energy Publications, LLC. This is an open access article under the
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gas and the tank walls and between the walls and the envi-
ronment, temperature gradients are developed in all compo-
nents of the tank. It is therefore essential to study the
refueling thermo-dynamic processes underlying the hydrogen
filling, to identify and optimize all the parameters influencing
the temperature evolution. Among the major parameters the
following can be listed: the tank volume and materials, the
initial temperature of the tank, the initial state of filling of the
tank, the (time dependent) pressure rate andmass flow during
filling. Early studies have demonstrated that in themajority of
the cases, it is not possible to reach a full tank in the required
time, respecting also the temperature requirement, without
precooling the gas before filling.
In the last years, the Society of Automotive Engineers (SAE)
has been studying the refueling process in order to develop a
standard fill protocol for refueling stations. In 2010, a technical
information report (SAE TIR J2601) was issued [7]. This TIR
established safety limits and performance requirements for
gaseous hydrogen fuel dispensers. In July 2014 a standard
protocol (SAE J2601) [8] was released, based on a look-up tables
approach with performance targets, for communications and
non-communications fueling.
In this protocol, two nominal working pressures (35 and
70MPa) and five inlet gas temperatures (40 C,30 C,20 C,
10 C and ambient temperature) are considered. Regarding
the inlet gas temperatures, 40 C, 30 C and 20 C are
already present in the protocol, while 10 C and ambient
temperature will be included in the future. Currently, the
protocol is focused on light duty vehicles, with hydrogen
storage systems (HSS) from 2 to 10 kg, where three different
ranges of HSS are considered: 2e4 kg, 4e7 kg and 7e10 kg.
However, it is foreseen that smaller HSS sizes (motorcycle)
will be also included within this protocol.
The SAE J2601 protocol was developed by means of a
simulation model. This model and the protocol tables were
validated through experimental tests [9]. No safety limits were
exceeded during these tests and the states of charge (SoC)
reached were in an acceptable range (90e100% for non-
communications fueling and 95e100% for communications
fueling). In engineering terms the tank filling state is called the
State of Charge (SoC) and it is defined as the ratio of hydrogen
density within the vehicle storage system to the full-fill den-
sity [8], which is the density at the nominal working pressure
of the tank and 15 C.
This paper presents the results of an experimental study
on the influence of the inlet gas temperature on the state of
filling of the tank at the end of the refueling process. In this
study only tanks with a nominal working pressure of 70 MPa
have been used. In comparison to the technologically less
demanding tanks working at 35 MPa, the 70 MPa tanks expe-
rience bigger increase of the temperature during refueling, so
higher amount of cooling is required during filling. Moreover,
70 MPa tank is the preferred option by FCV manufacturers,
allowing for higher driving range. The 70 MPa tanks have a
full-fill density of 40.2 g/l.
Two types of tank have been considered in this study: one
type with a metallic liner, type 3, and another with a plastic
liner, (type 4). The different liner materials affect the gas
temperature evolution during the filling: the final temperatureof the hydrogen in the tank at the end of the filling phase is
lower for type 3 tanks than for type 4 due to the higher heat
transfer of the metallic liner [10], what implies different pre-
cooling requirements for the two types of tanks.
Moreover, as cooling down hydrogen is energy demanding,
this study has been focused on how much precooling is
necessary, or how much profitable is in terms of SoC. To
answer this, the energy spent in precooling the hydrogen
during the different tests has been analyzed and compared to
the increase of SoC experienced by the tank.
Finally, the experimental results of this paper have been
compared with the look-up tables of the SAE fueling protocols
[8].Description of facility
The gas tank testing facility GasTeF is a laboratory of the Eu-
ropean Commission's Joint Research Centre whose aim is the
performance and safety assessment of compressed hydrogen
tanks by means of different tests as cycling, permeation and
extreme conditions tests.
The tanks to be tested are placed in a sleeve which has an
inner volume of 380 l. This sleeve allows controlling the
ambient temperature in which the tests are performed (by
means of a heater, up to 85 C) and detecting the possible leaks
and/or permeation from the tank. Thermocouples are placed
inside the tank, in the sleeve and in the gas distribution lines
to monitor the evolution of these temperatures during the
tests. In addition, external thermocouples monitor the tem-
peratures in the external walls and bosses of the tank.
The hydrogen supply gas bottles are stored outdoor, at a
pressure of around 28 MPa and connected to a compressor
able to reach pressures up to 88 MPa. The filling of the tank
comprises two stages: in the first one, the compressor is
bypassed and the tank is filled directly from the gas bottles.
Once the equilibrium between gas bottles and tank pressures
is reached, the second stage starts, where the compressor
pumps the hydrogen from the gas bottles to the tank, until the
pressure in the tank reaches the required value. A more
detailed description of the GasTeF facility and its equipment
can be found in Refs. [11e13].
One of the key components of the facility is the hydrogen
cooling system. It consists of two cylinders inter-connected
(see Fig. 1). One of the cylinders is filled, but not completely,
with liquid nitrogen, the rest of this cylinder and the other one
are filled with gaseous nitrogen that comes from the evapo-
ration of the liquid nitrogen introduced in the first cylinder.
The hydrogen circulates through a pipe coil located inside
these cylinders. Thermocouple T3 controls the temperature of
the hydrogen by means of the mixing valve (Valve 3), which
mixes the cool hydrogen from the cooler with the warm
hydrogen before the cooler, in the right proportion to reach
the target temperature set at the beginning of the filling. If the
temperature in thermocouple T2 is higher than the set value,
valve 2 is activated to insert more coolant (liquid nitrogen) in
the cylinder.
An example of the evolution of the inlet temperature of
precooled hydrogen during a filling can be observed in Fig. 2,
which represents a case with a nominal temperature of
Fig. 1 e Scheme of cooling system at GasTef facility.
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the cooling system, the variation of the hydrogen flow rate
along the filling, the time response of the cooler control sys-
tem or the temperature of the pipes located between the
cooler and the tank, the temperature of the precooled inlet gas
cannot be considered constant at the beginning of the filling
(first 50 s). The oscillations that can be observed at the second
part of the filling are a consequence of the oscillations of the
flow of hydrogen due to the performance of the compressor
(reciprocating compressor) and the length of the piping
system.Fig. 2 e Precooled inlet gas temperature evolution during a
filling.According to SAE J2601 [8], 30 s after the refueling process
has started, the hydrogen temperature should remain be-
tween 26 C and 17.5 C, to be considered a refueling in the
20 C category. The protocol also includes a minimum
allowable temperature limit (40 C) for the inlet gas tem-
perature, in order to avoid possible damage on the tank ma-
terials. In Fig. 2 it can be observed that the system is not able of
reaching a temperature within the stipulated range (dashed
lines) in the first 30 s, however it does it after approximately
50 s. Once this range is reached, the fuel delivery temperature
is kept within these limits for the rest of the filling (the upper
limit is surpassed (17.5 C) only for a few seconds).Experimental
The refueling experiments have been performed on a Dynetek
type 3 tank (40 l) and on a Hexagon type 4 tank (29 l). The two
process parameters studied have been the gas mass flow and
the inlet gas temperature, while the initial and final pressures
have been kept constant. Table 1 shows the values chosen for
the parameters. Because of the first stage of the filling proce-
dure, explained in the section Description of facility, it has
been not possible to maintain a constant mass flow
throughout the whole filling period, therefore the mass flow
values given in this paper correspond to the average values
during the filling. This mass flow average value has been
calculated as the amount of hydrogen introduced in the tank
during the filling divided by the filling time (Average Mass
Ramp Rate, AMRR) used in SAE J2601 [8]. The amount of gas
has been calculated using the Redlich-Kwong's real state gas
equation [14], which allows us calculating the SoC at the end
of each filling.
The tanks have been instrumented with pressure sensors,
and an array of thermocouples tomeasure the evolution of the
gas temperatures at different locations inside the tank, as
depicted in Fig. 3. The temperature used in the real state gas
equation has been an average of the values measured by
thermocouples TC1, TC2, TC3, TC4 and TC6. Additional ther-
mocouples have been used to measure the external tank wall
temperatures and the sleeve temperature, the last corre-
sponds to the ambient temperature. For the experiments
presented here, its value has ranged from 18 C to 27 C.
The thermocouples had a diameter of 1mmand are type K,
capable of measuring in a range of 200 to 1250 C with an
uncertainty of 2.2 C. For the pressure transducer the error
was 5% (full scale) for pressures below 10 MPa and 0.64% at
70 MPa [13].
As shown in Fig. 2, the inlet gas temperature was not
constant during the filling, so the values represented in nextTable 1 e Value of the main parameters during the tests.
Type 3 (40 L) Type 4 (29 L)
Initial pressure (MPa) 2 2
Final pressure (MPa) 77e78 77e78
Mass flow (g/s) 2.0e10.4 2.0e10.3
Inlet gas temperature (C) (e50)- Not
precooled
(e40)-
Not precooled
Fig. 3 e Internal and external thermocouples location.
Fig. 5 e Influence of the inlet gas temperature on the SoC
for different filing rates (type 4 tank).
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the inlet gas temperature was a simplification, because it
should also be mass-averaged [8]. However, experiments
performed with an accurate flow-meter have shown that
mass-averaged temperature values differed less than 2 C
compared to the time-averaged temperature values.Results
Influence of the inlet gas temperature on the final SoC
Fig. 4 shows the final SoC in a type 3 tank as a function of the
inlet gas temperature, for different mass flows. In all the fill-
ings the SoC was higher than 90%. It can be observed that the
lower the inlet gas temperature the higher the SoC. In addition
it can be seen that, the higher the inlet gas temperature, the
higher the influence of the mass flow on the final SoC, this
behavior can be also observed in Fig. 5. Among the tests per-
formed with the type 3 tank, only the one without precooling,
and average mass flow equal or higher than 6 g/s, exceeded
the 85 C limit (points surrounded by the dashed line in Figs. 4
and 6). On the other hand, only the tests performed with an
averagemass flow higher than 6 g/s finished in less than 200 s,
meeting the DoE FCV targets mentioned in the introduction.Fig. 4 e Influence of the inlet gas temperature on the SoC
for different filing rates (type 3 tank). The cases with a final
gas temperature above 85 C are singled out in the dashed
line.Similar findings were obtained in the case of a type 4 tank
(Fig. 5), the higher the inlet gas temperature, the lower the
SoC. In this case the influence of the inlet gas temperature on
the final SoC was stronger that in the type 3 tank. The number
of fillings that exceeded the 85 C limit (indicated by the
dashed area, see also Fig. 7) was higher than for the type 3
tank. None of the fillings could achieve a SoC of 100%.Influence of the mass flow on the final SoC
In Fig. 6 the SoC of the type 3 tank is plotted as a function of
the mass flow, for different inlet gas temperatures. All the
experiments were terminated at the same final pressure
(77e78 MPa). It can be observed that the mass flow affected
negatively the maximal SoC attainable. Moreover, as already
mentioned above, it can be seen that the lower the inlet gas
temperature, the lower is the influence of the mass flow (the
slope of the regression lines goes from 0.37 in the non-
precooled case, to 0.12 for the 40 C case).Fig. 6 e Influence of the mass flow on the SoC for different
inlet gas temperatures (type 3 tank).
Fig. 7 e Influence of the mass flow on the SoC for different
inlet gas temperatures (type 4 tank).
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 4 6 9 8e4 7 0 64702In the case of a type 4 tank (Fig. 7), the SoC showed the
same dependency on the mass flow as in the type 3 tank, but
with a stronger influence. It can also be observed that the
lower the inlet gas temperature, the lower the influence of the
mass flow on the final SoC (the slope of the regression lines
goes from 0.6 in the non-precooled case, to 0.09 for the
40 C case).
Influence of the type of tank on the final SoC
The values of SoC attained at the end of the filling are shown
in Fig. 8 for both types of tanks. These tests were performed at
variable gas inlet temperatures, and with an average mass
flow in the 7.5e8.2 g/s range. It can be observed that for a
similar inlet gas temperature, the final SoC was higher in a
type 3 than in a type 4 tank. In addition it can also be
concluded that the higher the inlet gas temperature, the
higher the influence of the type of tank on the final SoC.
Cooling energy versus SoC
As precooling is energy demanding, it is worth to know in
which range of mass flow and inlet gas temperature is theFig. 8 e Influence of the type of tank on the SoC.precooling more effective in terms of SoC. To this purpose the
cooling energy spent in the fillings was calculated and
compared with the increase of SoC enabled by the precooling.
The cooling energy was calculated according to Equation 1
Qcool ¼
Xn
i¼0
mi$Cp$DTi
m
(1)
where:
 n ¼ number of data recorded during filling
 mi ¼Mass of hydrogen flowing through the cooling system
in the time interval i
 Cp ¼ Specific heat of hydrogen
 DTi ¼ Difference of gas temperature between the inlet and
the outlet of the cooling system, in the time interval i
 m ¼ Efficiency of the cooling process.
The value of Cp varies with temperature and pressure. In
the range of pressure and temperature of this study, this value
varies approximately between 13 J/g K and 15 J/g K [15]. To
simplify the calculations a constant value of 14 J/g K was
adopted for the whole cooling process. Regarding the effi-
ciency of the cooling process, a value of 50% for the theoretical
efficiency of the cryogenic process producing liquid nitrogen
was assumed [16], while thermal losses of the cooling system
were not considered. The dependence of the cooling energy on
the inlet temperature is shown in Fig. 9. It appeared that the
relationship between cooling demand and inlet gas tempera-
ture was linear, while the mass flow did not show a clear in-
fluence on the cooling demand.
The increase of SoC was calculated comparing the SoC of a
non-precooled filling with the SoC of precooled fillings per-
formed with different inlet gas temperature but similar mass
flow. The results can be seen in Fig. 10. It is noticed that for a
type 4 tank the benefits of precooling are bigger than for a type
3 tank. Despite the fact that there are only four points for each
mass flow, it can be also observed that the SoC increment
decreased exponentially with the inlet gas temperature (trend
line added in Fig. 10 for the 8 g/s case). Combining this fact
with the linear relation between cooling energy and inlet gas
temperature, it can be concluded that the lower the inlet gas
temperature, the higher is the DSoC/Cooling energy ratio. This
ratio compares the increase of energy content of the tank
because of the precooling, with the energy spent in precooling
the gas.
Finally, from the above data it resulted that the cooling
energy spent during the filling represented 15%e30% of the
increment of the SoC.Comparison with SAE J2601 look-up tables
The comparison between the results of this study and the
look-up tables of the standard SAE J2601 [8] was not straight-
forward, because the tanks used here were smaller than the
minimum size of the tanks considered in the SAE J2601 (2 kg,
equivalent to 50 l volume for a 70 MPa storage). Moreover, all
the fillings in this study had a final pressure of 77e78 MPa,
while the final pressure in the look-up tables for the corre-
spondent cases was lower than 73 MPa. As a consequence, for
Fig. 9 e Cooling energy demand during the filling process for a type 3 (left) and a type 4 (right) tank, for different mass flows
and inlet gas temperatures.
Fig. 10 e SoC increment as a function of inlet gas temperature for a type 3 (left) and for a type 4 tank (right).
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before the final values of the SoC and temperature corre-
sponding to the target pressure of the SAE look-up table were
considered.
This study did not include any inlet gas temperature of
30 C because when it started only the 2010 version of the
SAE J2601 was available [7], where this refueling temperature
was not considered. Therefore only fillings with inlet gas
temperature of 40 C and 20 C are compared with the new
standard. This comparison was done using the look-up tables
for non-communication fillings. Other parameters that were
taken into consideration for the comparison were the initial
pressure (2 MPa) and the ambient temperature (20e25 C).
According to [9], in the case of a refueling station without
communication between tank and dispenser, the minimum
SoC value considered acceptable by the SAE J2601 is 90%.
Under the conditions adopted in this study, all the fillings
performedwith the type 3 tank showed a final SoC higher than
90%. This was not the case for the type 4 tank: the fillings at
ambient temperature and with mass flow rates higher than
4 g/s could not reach a SoC higher than 90%. So in principle it
can be concluded that the need of precooling for a type 4 tank
is clear, whereas for a type 3 tank precooling needs could be
more debatable. However, the maximum temperature
reached during the filling has to be considered. In the case of
type 3 tanks, the 85 C limit was exceeded without precooling
and for flow rates higher than 6 g/s (points inside dashed linein Fig. 6). So precooling was needed also for type 3 tanks, not
because the SoC, but for safety reasons. Similarly, for a type 4
tank precooling was required for safety reasons, since all the
fillings without precooling, and also some with average inlet
gas temperature of 0 C (points inside dashed line in Fig. 7),
exceeded this limit.
Table 2 shows the tests comparable with the fillings rec-
ommended in the SAE J2601 (as well included in the table), in
brackets the results obtained at the end of the filling.Discussion
The results of this study show that the higher the mass flow,
and/or the higher the inlet gas temperature, the lower is the
final SoC. Since the initial and final pressures have been kept
constant, the final SoC depends only on the final average gas
temperatures. These results are in agreement with already
published literature. Results in Refs. [5 and 17], for example,
showed that the average gas temperature at the end of the
filling grows with the mass flow rate. Similarly [18,19]
demonstrated that maximum average gas temperature
reached during the refueling process decreases with the inlet
gas temperature. Moreover, in Ref. [20] Maus concluded that
there is an approximately linear variation between the inlet
gas temperature and themaximum average tank temperature
reached. Also the influence of the liner material on the
Table 2 e Comparison between the fillings in this study and the corresponding SAE J2601 look-up tables in terms of SoC
and final temperature reached (in the final pressure column the values in brackets indicate the final pressure attained in
the experiments; similarly, the values in brackets in the SoC column show the correspondent SoC values. Different shading
indicates different inlet gas temperature range).
Average inlet gas
temperature (C)
Amb.
Temp (C)
APRR
(MPa/min)
Initial pressure
(MPa)
Final pressure
(MPa)
SoC (%) Final
temp (C)
Type/volume
J2601 40  T  33 20 19.3 2 70.9 90 85 3e4/50e100 l
This study 40.3 21.5 15.9 2.2 71.0(77.5) 93.6(99.2) 48.6(48.2) 4/29 l
This study 40.8 22.8 19.2 2.2 71.1(77.7) 94.7(100.2) 43.7(44.4) 3/40 l
J2601 40  T  33 25 15.7 2 71.2 90 85 3e4/50e100 l
J2601 26  T  17.5 20 7.6 2 71.4 90 85 3e4/50e100 l
This study 21.7 21.8 8.4 2.2 71.6(77.4) 92.6(97.4) 56.2(56.4) 4/29 l
This study 20.7 23 6.0 2.2 71.9(77.3) 94.1(98.4) 49.7(51.4) 3/40 l
J2601 26  T  17.5 25 6.2 2 72.2 90 85 3e4/50e100 l
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several publications ([10,21]), which concluded that in a type 3
tank the maximum gas temperature is lower than in a type 4
tank, for comparable hydrogen refueling conditions.
The fact that higher maximum gas temperatures are
attained with higher mass flow rate is related to the fact that
at higher flow rate the gas has less time for the transfer of the
heat generated by the compression work to the tank walls, as
described in Ref. [5]. A low inlet gas temperature implies a
smaller increase of temperature during the filling compared to
a filling with high inlet gas temperature, since the internal
energy of the gas introduced in the tank is also smaller.
In the range of values chosen in this study for the experi-
mental parameters, the inlet gas temperature had a stronger
influence than themass flow rate on the final SoC. This can be
explained by the fact that the temperature of the incoming
hydrogen directly affects the internal energy of the gas (and so
it influences the maximum temperature reached during the
filling) whereas themass flow has an indirect influence on the
gas temperature as it affects the time for transferring heat
from the gas to the tank walls. This behavior was more visible
for a type 4 tank, since the heat transfer coefficient in this type
of tank is lower than the one in a type 3 tank [10].
In search of the best precooling strategy, the results ob-
tained in this study show that the cooling demand was line-
arly dependent on the inlet gas temperature, while the
increment of SoC showed an exponential dependence. In
other words, the DSoC/Cooling energy ratio was increasing
when the inlet gas temperature was decreasing. From this
viewpoint, an inlet temperature of 40 C appears the best
choice, if the target is to reach the best DSoC/Cooling energy
ratio. On the contrary, if the main concern is only dictated by
safety aspects (i.e. the non-exceeding of the 85 C limit) and by
practical aspects related to a SoC bigger than 90%, it must be
concluded that there is no need for such low gas inlet tem-
peratures; in this study all the fillings with inlet gas temper-
ature higher than 40 C and with a maximal temperature
below the 85 C limit, reached a SoC higher than 90% (Figs. 6
and 7). Similar conclusion was reached in Ref. [22], where a
strategy for the minimization of the cooling energy was
studied. In particular [22], showed that it is possible to attain
the filling goal (SoC) respecting the operative boundary con-
ditionswith aminimal cooling demand, by tuning accordingly
the inlet gas temperature during the filling.As mentioned in 4.5, it was not generally possible to
compare this study's results with the filling cases proposed in
the SAE J2601 standard. However, for those cases where a
direct comparison was possible (Table 1), the following con-
clusions could be drawn:
 The maximum temperature reached in the experiments
was quite far from 85 C limit. This suggests that this
protocol have a big safety margin in order to keep pressure
and temperature within the tank materials safety limits.
Therefore, there is room for increasing the mass flow rate
(or pressure ramp rate) or to reduce the pre-cooling
required, without surpassing the safety and operative
limits of the tank.
 The value adopted for the final pressure in the look-up
tables of the SAE J2601 is 71e72 MPa. The results of this
study showed that increasing the final pressure to 77 MPa
did not increase the temperature significantly, while the
SoC experienced a non-negligible improvement of 4.5%e
6%.
 The tanks used in this study were smaller than the ones
considered in the SAE J2601. While the average pressure
ramp rate (APRR) does not change with the volume to be
filled, the mass flow rate values need to be different, if the
same filling time is required. The authors would like to
suggest that this aspect should be taken into account in
possible future SAE J2601 look-up tables. For example, the
present look-up tables consider a single class of tanks
within the 2e4 kg range: for the same APRR, the mass flow
rate required for the 4 kg case is twice that required in the
2 kg case, with a considerable different effect on the tem-
perature evolution during the filling ([5,17]).
A final remark regarding tank sizes, number of tanks and
mass flow. As mentioned above, one of the DOE target is a
hydrogen tank refueling in less than 200 s with 5 kg of
hydrogen, which corresponds to an average mass flow rate of
25 g/s. However, in the case of an on-board storage system
consisting of multiple tanks in parallel, the mass flow rate
experienced by each tank will vary according to tanks number
and size. For instance, in the case of a storage system made of
to two tanks with equal volume, the mass flow of each tank is
12.5 g/s, for the same DOE target. The tanks used in this study
have a relative small volume, so they could be included in the
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Burgman has an HSS of 12 l, according to [23]), which it is
foreseen but not included yet in the SAE J2601 [8]. Regarding the
light-duty vehicles category, 4 or 5 tanks would be necessary to
store approximately 5 kg of hydrogen on-board. This translates
in a mass flow rate of approximately 5e6 g/s, a value consid-
ered in our study. It is however also possible to find storage
systems consisting of tankswith different volume (for example
the Hyundai Tucson, [24]). In this case the mass flow rate
experienced by each tank is different, and consequently the
temperature evolution in each tank is dissimilar. So it is logical
to conclude that this aspect should be taken into consideration
in the standards and protocols for refueling processes.Conclusions
This paper presents the results of hydrogen tank refilling ex-
periments aiming at the study of the effect of mass flow rate
and inlet gas temperature on the final State of Charge (SoC) of
the tank andmaximal temperature of the gas. Two tanks (type
3 and type 4) have been used, to investigate also the effect of
liner materials. Other factors having an effect on the filling
process, such as the environmental temperature and initial
and final tank pressure have been kept constant to single out
the direct influence of the mentioned parameters.
The main conclusions are summarized below:
 In the range of values investigated, mass flow rate and type
of tank had influence on the SoC, however the inlet gas
temperature was the parameter showing stronger
influence.
 The effect of the mass flow rate and of the inlet gas tem-
perature on the SoC was stronger in type 4 tanks than in
type 3.
 The lower the inlet gas temperature, the lower the effect of
the mass flow rate on the final SoC.
 Precooling was needed, for safety reasons (not to surpass
85 C) and to reach an acceptable SoC (>90%). In the case of
type 3 tanks, this cooling demand was lower than the one
for type 4 tanks.
 Decreasing the inlet gas temperature, the increase of tank
energy content was higher than the energy spent in the
additional precooling of the gas.
 In the range of values of the parameters investigated in this
study, the SAE J2601 look-up tables for non-communication
fillings showed a safety margin that could be reduced.
 An increase of the final pressure from 71 to 72 MPa as
adopted in the SAE J2601 look-up tables for non-
communication fillings to 77 MPa (used in this study)
induced a negligible increase of the maximal gas temper-
ature in the tank, but a significant improvement of the SoC,
4.5%e6% of increase.Acknowledgments
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